ABSTRACT: Cassava root rot diseases such as dry and black root rot are listed among the major threats, since its affect the main product 
INTRODUCTION
Dry (DRR) and black (BRR) root rot are two of the most destructive pathologies in cassava (Manihot esculenta Crantz), whose economic importance is increasing in major producing countries (Onyeka et al. 2005a; Vilas Boas et al. 2017) . The increase in DRR and BRR is causing a progressive decline in yield and affecting subsequent crop cycles (Vilas Boas et al. 2016) . DRR and BRR are caused by pathogens of different fungi genera, and their symptoms differ depending on the associated species. Dry root rot (DRR) is characterized by the dry appearance of lesions, usually with a brownish halo, and the main species from the genus Fusarium spp. (e.g., F. solani and F. oxysporum) (Bandyopadhyay et al. 2006) .
In contrast, black root rot (BRR) presents lesions with brownish or black colors, which could be associated with the softening of the infected tissue. The pathogens that cause black root rot include those from the genus Lasiodiplodia spp. as well as Neoscytalidium hyalinum (Machado et al. 2014) .
The use of resistant varieties is the most economic and feasible approach for DRR and BRR control (Onyeka et al. 2005a ). However, development of resistant varieties is difficult, since root rot is caused by soil-borne pathogens and the onset of symptoms can be influenced by climate and soil conditions. Currently, the screening for resistance has been based on the evaluation of genotypes with a history of the disease under field conditions (Okechukwu et al. 2009 ). However, this type of evaluation requires several experimental trials and can still be inaccurate, due to the presence of different species that cause the disease and the heterogeneous distribution of pathogens in the soil (Onyeka et al. 2005b) .
The most frequent species causing DRR and BRR in the North and Northeast regions of Brazil are those associated with dry root rot and black root rot (Vilas Boas et al. 2017) . Based on these results, it is necessary to develop strategies for the identification of multiple sources of resistance against the major pathogens associated with DRR and BRR, taking into consideration the different resistance mechanisms in plant tissues.
Therefore, this study aimed to identify inoculation methods for different plant tissues, for evaluating the levels of dry and black root rot resistance in cassava genotypes.
MATERIAL AND METHODS
All evaluated methodologies used an isolate of Fusarium solani (CBPPR0057) and Neoscytalidium hyalinum (CBPPR1011), which causes DRR and BRR, respectively, previously characterized both as pathogenic to cassava and the most aggressive of the two groups of pathogens studied (Vilas Boas et al. 2017) . These fungi belong to the cassava root rot pathogen collection at the Plant Pathology Laboratory in Embrapa Mandioca e Fruticultura.
Isolates were grown in Petri dishes containing potato dextrose agar (PDA) medium at 25 ± 2 °C and 12 h of light, for seven days. The spore suspensions for the methods based on immersion of cassava stem cuttings and roots and for inoculation of detached tuberous roots were prepared from the addition of 10 mL of sterile distilled water in petri dishes containing colonies of each isolate, and the conidia mass released with a soft toothbrush. The suspension was filtered with a double layer of cheesecloth and the concentration of spores determined using a hemocytometer (Neubauer chamber) under a light microscope adjusted to 1 × 10 5 conidia·mL -1 . Sterile distilled water was used as a control treatment (mock).
The inoculum for the trials involving soil infestation was produced in a sand and cornmeal mixture in the ratio of 3:1 w/w. The mixture was stored in transparent plastic bags and autoclaved twice at 120 °C for 1 h. After 24 h of cooling, 150 mL of the spore suspension of each isolate was added. To promote the uniform growth of fungi, the bags containing the sand and cornmeal infested substrate were homogenized every two days and incubated in a growth chamber at 25 ± 2 °C for 20 days.
Different cassava varieties were used across the experiments, and they were choose based on previous works aiming the selection of resistant varieties, and the behavior of the cassava genotypes in the field (Oliveira et al. 2013; Vilas Boas et al. 2016; Vilas Boas et al. 2017) .
Tissue immersion and soil infestation
The varieties Fécula Branca and Olho Junto were used in the evaluations with the following methods:
a. Immersion of cassava stems cuttings Stem cuttings (manivas) of 10 cm were immersed for 1 h in a spore suspension of each pathogen and subsequently planted in plastic bags containing 3 kg of sterilized soil. The experiment was set in a 2·2 factorial completely randomized, with 2 varieties and 3 inoculation procedures. There were three replicates with six plants each.
The inoculation procedures were as follows: 1. Uninfested soil with healthy cassava cuttings (control); 2. Uninfested soil × cassava stem cuttings inoculated with dry root rot pathogen; 3. Uninfested soil × cassava stem cuttings inoculated with black root rot pathogen. The evaluations were performed at 60 days after inoculation, based on the following parameters:
I. Fresh weight of the aerial part, in grams (g); II. Fresh weight of the roots, in grams (g); III. Root system volume (cm 3 ), determined based on the measurement of the displacement of the water column in a graduated cylinder; IV. Internal colonization of stem cuttings, based on following rating scale: 0 = not colonized; 1 = colonization of < 1/3 of the interior of the cutting; 2 = colonization of ≥ 1/3 and < 2/3 of the interior of the cutting; 3 = colonization of ≥ 2/3 of the interior of the cutting b. Root immersion Stem cuttings of 12 cm of each cassava variety were germinated in a sand bed for 15 days. The roots of the stem cuttings were immersed in a spore suspension of each pathogen for 1 h and then planted in plastic bags containing 3 kg of sterilized soil. The control treatment was represented by immersing plant root systems in sterile distilled water only. The experiment was set as 2 × 2 factorial in completely randomized design, containing 2 varieties and 2 pathogens. There were four replicates with six plants each. An additional treatment was used for both varieties, composed by non-inoculated plants (control). The evaluation was performed from five days after inoculation up to two months.
c. Soil infestation Plastic bags were filled with a with a mixture composed of 3 kg of sterilized soil and 200 g of the inoculum produced in the sand-cornmeal (ratio 3:1) substrate, which was infested with each pathogen. As a control (non-inoculated), 100 g of mixing sand and pure cornmeal were distributed. The inoculation procedure was performed by planting the cassava stem cuttings of each variety in the infested soil, as described above. The experiment was set as 2 × 2 in completely randomized design, with 2 varieties and 2 inoculation procedures.
The inoculation procedures were as follows: 1. Soil infested with DRR pathogen × healthy stem cassava cuttings; 2. Soil infested with BRR pathogen × healthy cassava stem cuttings An additional treatment was used for both varieties, composed by uninfested soil and healthy cassava stem cuttings (control). The evaluations were performed according to the methodology described above on see section (a) Immersion of cassava stem cuttings.
Inoculation of detached tissue
Varieties BRS Verdinha, BRS Dourada, BRS Aramaris, BRS Tapioqueira, BRS Poti Branca, BRS Formosa, Olho Junto, and Salangó Preta, were used in the inoculation experiments with detached tissue, in addition to the varieties BRS Kiriris (resistant to root rot under field conditions) and Fécula Branca (highly susceptible under field conditions).
a. Inoculation of tuberous roots
The experiments were carried out following the methodology for inoculating whole roots, as proposed by Onyeka et al. (2005c) and adapted by Oliveira et al. (2013) . The roots were washed and disinfested with sodium hypochlorite (0.5%), punched at three equidistant points (6 mm in diameter), and then a 40 µL drop of each pathogen spore suspension was added. As a control, 40 µL of sterile distilled water was added to the central perforations. The experiment was set as 10 × 2 factorial in completely randomized design with 10 varieties and 2 pathogens, with 12 replicates.
b. Detached leaves and stem segments Healthy leaves were harvested from each cassava variety, disinfested with 0.5% hypochlorite, washed with sterile distilled water, and placed to dry on sterile filter paper. The central leaf vein was punched with a single sterile needle, which deposited a 5 mm mycelial disc of fungal growth in the PDA medium at the center of the lesion (as described previously). As a control, leaves were inoculated with a sterile PDA plug. The petioles of the leaves were wrapped with wet cotton to avoid desiccation. The experiment was set as 10 × 2 factorial in completely randomized design with 10 varieties and 2 pathogens, with 6 replicates (3 lobes of each leaf).
Stem segments were harvested from each two-month old variety, cut into 10 cm pieces, disinfested with 0.5% sodium hypochlorite, and washed in sterile distilled water. The ends of the segments were covered with wet cotton to avoid desiccation. With a single needle, three holes were punched in a triangular arrangement on the surface of the stem, and a 5 mm mycelial plug wounds. As a control, a sterile PDA plug was used. The experiment was set as 10 × 2 factorial in completely randomized design with 10 varieties and 2 pathogens, with 3 replicates (5 stem each).
The inoculated leaves and stems were maintained in a transparent gerbox, with the base covered with sterile filter paper. The development of the lesions was assessed seven days after inoculation, and the digital images analyzed using the ASSESS 2.0 program (APS Press®, 2002 -2008 .
c. Inoculation on wounded cuttings Stem cuttings of 10 cm from mature plants (approximately 12 months old) were punched with 6 mm holes between the first and the second nodes. Discs of the culture medium (5 mm in diameter) containing fungal structures from each pathogen were then deposited. The inoculation sites were covered with moistened cotton and wrapped with PVC film to prevent external contamination and ensure moisture at the site of inoculation. A PDA plug without fungal growth was used as control.
The inoculated stem cuttings and controls were planted in plastic bags containing 3 kg of sterilized soil, mixed with equal parts of washed sand, coconut fiber, and vermiculite. The experimental design was completely randomized, with 10 varieties and 2 pathogens, with 4 replicates (6 plants each). The evaluation was performed from five days after inoculation up to two months. The parameters evaluated were mortality of accessions and incidence and external symptoms by a rating scale, as follows:
(0) no symptoms; (1) leaf chlorosis and/or wilt of the lower third; (2) leaf chlorosis and/or wilt of the middle third; (3) leaf chlorosis and/or wilt of the whole plant; (4) complete defoliation and/or death of the plant. The inoculated tuberous roots were kept in plastic trays and covered with transparent plastic bags to keep the moisture in. Evaluations were performed 10 days after inoculation, measuring the size of the lesioned area through digital analysis of the images using the software ImageTool (University of Texas Health Science Center, San Antonio, TX, USA) (Oliveira et al. 2013 ).
Statistical Analysis
The data obtained from arbitrary scales were converted into the disease index (ω) according to Czermainsky (1999) . Afterwards, the quantitative data were submitted to an analysis of variance as a double factorial design, and means were grouped using the Scott-Knott test (p < 0.05) (Chapola et al. 2016) . In order to verify the relationship between the different methods tested, the Pearson correlation test (p ≤ 0.05) (Koerner and Zhang, 2017) and a hierarchical clustering analysis were conducted based on Euclidean distance using the R program (R core team, 2015). All assays were conducted in growth chambers at a controlled temperature (26 ± 2 °C) in the dark and with relative humidity greater than 85%.
RESULTS AND DISCUSSION
According to the ANOVA analysis for all treatments, there were significant effects regarding the variety and pathogen species and for the interaction between variety and the two pathogen species. Among the eight methods tested, the immersion of the roots and wounding of stem cuttings did not present the typical symptoms of root rot during the evaluation period of two months. However, the other methodologies developed symptoms similar to what was previously reported for each pathogen, enabling the re-isolation thereof and in such, completing Koch's postulates (Oliveira et al. 2013) , and were effective in determining varieties of cassava that are resistant to BRR and DRR diseases under controlled conditions.
Tissue immersion and soil infestation
In the methodology based on the immersion of cassava stem cuttings in spore suspension of dry (IM-DRR) and black (IM-BRR) root rot pathogens, except for the control (mock), all treatments showed typical symptoms of the disease, such as wilting and yellowing of leaves, in an average period of 45 days after inoculation (DAI), culminating in the death of the plant at 60 DAI. The same results were obtained in treatments with soil infested with dry root rot isolates (SI-DRR).
The control treatment for all methodologies showed higher aerial part weight, root weight and root volume, which differed from the inoculated treatments. Moreover, root rot disease significantly reduced the growth of the aerial parts of both varieties. There was no significant difference in the severity of symptoms between the varieties Fécula Branca and Olho Junto, considering the different methods of inoculation. There was also no significant difference between the immersion methods and the infestation of the soil within the same variety considering the weight of the aerial part ( Fig. 1a and 1b) .
Means followed by the same capital letter (comparing varieties within the same treatment) and lower case letters (treatments within varieties) belong to the same group by the Scott-Knott test (p < 0. 
The weight of the aerial part of the varieties Fécula Branca and Olho Junto for each treatment, respectively, were IM-DRR (3.08 and 4.89 g), IM-BRR (0.6 and 2.54 g), SI-DRR (0.7 and 3.59 g), and SI-BRR (4.7 and 2.02 g), while the controls for the two varieties were 23.18 and 35.49 g, respectively. The disease index (ω) values for the Fécula Branca and Olho Junto varieties were 17.96 and 42.02, respectively, for the four methods of inoculation (Fig. 1c and 1d) .
The methodologies based on tissue immersion and soil infestation were also effective in reducing the volume (Fig. 1e  and 1f ) and the fresh weight of roots ( Fig. 1g and 1h ). Varietal differences were observed only in the IM-DRR method, with the highest values being for the Olho Junto variety when compared with Fécula Branca for both parameters. No significant difference was observed in the development of the root system with the SI-DRR method. When considering the possibility of simultaneous evaluation for different pathogens, soil infestation was more effective in reducing the weight and volume of roots for the two diseases (DRR and BRR), not differing from the stem cuttings immersion method.
Therefore, the soil infestation method can be recommended for future evaluations of the reaction of cassava genotypes to DRR and BRR in greenhouse experiments. Similar results were obtained with inoculations of Fusarium solani on rosewood trees, in which soil infestation enabled the appearance of typical symptoms of root rot, with greater reduction of fresh weight, root volume, and aerial part length compared to direct inoculation on the stem (Rajput et al. 2008) .
Although using pathogens of the Botryosphaeriaceae family and Fusarium spp. to inoculate detached cassava stem cuttings has been reported (Onyeka et al. 2005c; Msikita et al. 2005) , and although similar reports have been made for other pathosystems (Linaldeddu et al. 2011) , the results of planting the stem cuttings inoculated by wounding did not result in typical external DRR and BRR symptoms. Therefore, after two months of evaluation, this methodology was adapted, and stems that sprouted from the infected stem cuttings were wounded again and used in the second trial.
The inoculation method based on the immersion of roots has also been commonly and successfully used in resistance tests using Fusarium species on other crops (Li et al. 2008; Aguiar et al. 2013) . However, the inefficiency may be related to the regeneration capacity of the cassava root system. This inoculation did not prevent the development of new roots by the cassava stem cuttings (manivas) or the recovery of the inoculated plant, even if there was death of adventitious roots present at the time of inoculation.
Inoculation of detached tissue
In general, there was a difference between how the inoculated tissues of the different varieties responded to the pathogens. For example, in assessing the resistance to BRR in the root peel, the variety with the largest lesioned area was BRS Aramaris (421.44 mm²), while the varieties Salangó Preta, BRS Tapioqueira, and Olho Junto presented the smallest lesioned areas (34.89 mm², 69.05 mm², and 78.52 mm², respectively) (Fig. 2a) . Furthermore, in assessing the inoculation of the root pulp, the varieties BRS Dourada (86.70 mm²), Salangó Preta (64.46 mm²), and BRS Tapioqueira (130.69 mm²) presented the smallest lesions (Fig. 2b ). When inoculated with pathogens causing DRR, BRS Formosa showed a larger lesioned area on the root peel (266.72 mm²) (Fig. 2c) , while for the pulp, the major lesioned areas were observed in the BRS Kiriris (208.44 mm²), BRS Formosa (193.80 mm²), and BRS Verdinha (173.75 mm²) varieties (Fig. 2d) .
The inoculation of DRR and BRR pathogens on detached leaves was also effective in the expression of symptoms in all cassava varieties analyzed. These symptoms appeared in the form of lesions on the leaf surface 48 h after inoculation. The method of inoculating detached stems was also very efficient in terms of the onset of symptoms associated with cassava root rot pathogens and varietal behavior.
As a result, the inoculation of detached leaves revealed significant differences in the percentage of lesioned areas on different varieties, once the BRS Tapioqueira (70.06%) and BRS Kiriris (68.03%) were quite susceptible to the pathogens causing BRR (Fig. 3a) differing from the inoculation on detached stem, where the variety BRS Aramaris was the most susceptible, with a percentage of 34.29% of the lesioned area (Fig. 3b) .
Moreover, the Fécula Branca (51.67%), BRS Dourada (42.38%), BRS Tapioqueira (37.85%), BRS Poti Branca (34.6%), and BRS Verdinha (33.62%) varieties were the most susceptible in the evaluation of DRR (Fig. 3dc) . For the inoculation of DRR pathogens on detached stems, the varieties BRS Aramaris and BRS Kiriris, had a higher percentage of the lesioned area (43.59 and 35.71%, respectively) (Fig. 3d) . The varieties Poti Branca, BRS Tapioqueira, Olho Junto, Formosa, and Salangó Preta, showed smaller lesioned areas for both diseases. Lesioned area (%)
Although all of the evaluated methods for screening germplasm in the search for sources of resistance have presented typical lesions in the tested varieties, there was discrepancy in the ranking of varieties by different methods and diseases. However, there was a positive correlation between BRR and DRR on the stem (r = 0.94, p = 0.001) and between inoculation by DRR on the root pulp and peel (r = 0.73, p = 0.05). There was also a moderate correlation between the BRR on the stem and on the root peel (r = 0.56), but was not significant (Fig. 4) .
The clustering of the varieties based on the reaction when inoculated on different tissues revealed the formation of three groups (Fig. 5) . In general, the varieties of higher susceptibility (Group 1) were BRS Kiriris, BRS Verdinha, and BRS Aramaris. Within Group 1, only the variety BRS Kiriris was not classified as being resistant or moderately resistant for any inoculated tissue, while BRS Verdinha and BRS Aramaris proved moderately resistant to the BRR and DRR pathogens on the detached leaf.
The varieties Fécula Branca, BRS Dourada, and BRS Tapioqueira were allocated in Group 2 (Fig. 5) . Among these varieties, only Fécula Branca did not show any resistance in the inoculated tissue. In contrast, BRS Dourada was classified as being resistant in the root pulp to both diseases (DRR and BRR), and BRS Tapioqueira had moderate resistance to BRR pathogens in the peel and to DRR pathogens in the root pulp.
Group 3 comprised the varieties with higher resistance to DRR and BRR, and included BRS Formosa, Salangó Preta, BRS Poti Branca, and Olho Junto (Fig. 5) . Among these varieties, Salangó Preta presented the highest percentage of agreement between the different methods and was classified as resistant or moderately resistant in 75% of the evaluated methodologies (6 out of 8). Additionally, based on the different methodologies and disease groups (DRR and BRR), the variety Salangó Preta was the most resistant genotype. However, new experiments must be undertaken in order to confirm the field resistance of this variety. In relation to the different methods of inoculation (Fig. 5) , two distinct groups were formed in which there was greater agreement between the reactions expected and the inoculations of the root system (Group A) as well as the inoculations of the aerial part (Group B).
A moderate correlation (r = 0.73) between the symptoms of root rot in the peel and pulp of the root when inoculated with F. solani was also observed by Vilas Boas et al. (2016) , suggesting that the selection of resistant varieties can be made based on the symptoms in both root tissues. The differences of resistance to root rot disease among varieties of cassava may be related to their structural and biochemical mechanisms, which can hinder or entirely block the entry or subsequent activity of pathogens in their tissues.
Regarding the performance of the evaluated methods of inoculation, although screening based on the methodology of detached root inoculation is currently used in the screening, one method that is widely used to determine the resistance to root rot disease requires the programming of the harvest of the tuberous roots (minimum of 10 months of planting time) and a rigorous selection of healthy roots, meaning no injuries, wounds, or symptoms of infections from the field (Onyeka et al. 2005a; Oliveira et al. 2013; Villas-Boas et al. 2016) . Senthil et al. (2013) compared inoculations of cassava stems, roots, and leaves and observed a positive correlation (0.88) between the symptoms in leaves and roots. Negative correlations for leaves and stems (-0.66) and for roots and stems (-0.68) were also observed by these authors. They also reported that the inoculation of detached leaves is a fast and reliable method with a smaller variation in the response of cassava cultivars to the soft root rot disease caused by Phytophthora palmivora. This method can replace the detached root inoculation method.
Similar results were reported for Phytophthora tropicalis, which also causes soft root rot in cassava, with a moderate positive correlation (0.37) between the symptoms in the leaves and roots (Loke et al. 2004) 3 . However, the literature still lacks works presenting the correlation of this kind of selection, with results of field experiments. Methodologies for inoculating detached leaves have been used successfully in other pathosystems using species from the genus Fusarium. They have also been used for the red root rot of soybeans, which is caused by Fusarium tucumaniae (Franco et al. 2009) , and for the rot of the ''Egusi'' melon (Colocynthis citrullus L.), which is caused by Fusarium oxysporum (Ntui et al. 2010) . However, in this work, the correlation between the symptoms of DRR and BRR when the leaves and stems were inoculated was positive, but not significant. Furthermore, no correlation was observed between inoculations of leaves and roots. For these reasons, the correlation between inoculation methods in different plant tissues still needs to be investigated in order to reflect more accurately the varietal resistance in field conditions.
Regardless of the pathogens, the inoculation methods were grouped separately for root peels and pulp and for stems and leaves. The absence of significant correlations between inoculations of detached tissues, as well their grouping according to tissue (aerial parts or the root system), indicate that root rot resistance mechanisms are different in each tissue evaluated.
A moderate correlation (r = 0.73) between the symptoms of root rot in the peel and pulp of the root when inoculated with F. solani was also observed by Vilas Boas et al. (2016) , suggesting that the selection of resistant varieties can be made based on the symptoms in both root tissues. The differences of resistance to root rot disease among varieties of cassava may be related to their structural and biochemical mechanisms, which can hinder or block the entry or subsequent activity of pathogens in their tissues.
As to the behavior of the 10 cassava varieties studied in this work, it was not possible to observe any relationship between the phenotypes of BRS Kiriris and BRS Aramaris, both of which were considered resistant to DRR and BRR under field conditions (Fukuda et al. 2002) . In addition, these varieties showed no uniformity in the ranking when evaluated by different inoculation methods.
The variety BRS Aramaris presented moderate resistance to pathogens, showing DRR only when the leaves were inoculated. Oliveira et al. (2013) evaluated the behavior of seven varieties of cassavas when inoculated with Fusarium spp., also rating BRS Aramaris and Fécula Branca as being susceptible to root rot, while BRS Kiriris was moderately resistant. These results show that the resistance to DRR and BRR may have a quantitative trait, controlled by minor genes whose inheritance is characterized by the absence of complete resistance and by the influence of the environment on the incidence and severity of disease (Villas Boas et al. 2016) . Moreover, as in the previous experiment, the variety Fécula Branca was classified as being highly susceptible to root rot in field conditions, and also as being susceptible for all of the tissues evaluated.
Studying the infection of the peel (pre-penetration) and pulp (post-penetration), Loke et al. (2004) attributed the different levels of resistance of 22 cassava genotypes to the different levels of iron (essential in phytoalexin synthesis), fungitoxic substances, and manganese in the plant. Thus, it is necessary to investigate which mechanisms may be related to structural and biochemical factors that are pre or post-formed in cases of infection by DRR and BRR pathogens, aiming to understand the resistance levels within each genotype.
CONCLUSION
The soil infestation and stem immersion methodologies can be recommended for the evaluation of the reaction of cassava genotypes to root rot disease under greenhouse environment. The low correlation between inoculation methods in detached tissue is an indication that the types of tissue may have different levels of resistance.
